As part of a study investigating commonalities between Prader-Willi syndrome (PWS -a genetic imprinting disorder) and early-onset obesity of unknown etiology (EMO) we measured total cerebral and cerebellar volume on volumetric MRI images. Individuals with PWS (n=16) and EMO (n=12) had smaller cerebellar volumes than a control group of 15 siblings (p=0.02 control vs. EMO; p=0.0005 control vs. PWS), although there was no difference among the groups in cerebral volume. Individuals with PWS and EMO also had impaired cognitive function: general intellectual ability (GIA): PWS 65 ± 25; EMO 81 ± 19; and Controls 112 ± 13 (p<0.0001 controls vs. PWS and controls vs. EMO). As both conditions are characterized by early-onset obesity and slowed cognitive development, these results raise the possibility that early childhood obesity retards both cerebellar and cognitive development.
Prader-Willi syndrome (PWS) is a genetic disorder which is associated with developmental delay and learning disabilities. Other associated clinical features include hypotonia, speech delay, language problems, endocrinopathies, behavioral and psychiatric problems, and neonatal failure to thrive followed by early-onset childhood obesity (Goldstone, 2004) . PWS is an imprinted condition with approximately 70% of the cases due to a de novo deletion in the paternally inherited chromosome 15q11-q13 region, 25% from a maternal uniparental disomy (UPD) of chromosome 15, and the remaining 5% from either microdeletions or epimutations of the imprinting center in the 15q11-q13 region (i.e. imprinting defects) (Glenn et al, 1997; Nicholls and Knepper, 2001; Bittel and Butler, 2005) . Structural brain abnormalities occurring with PWS are thought to be due to the loss of function of several paternally expressed genes in the PWS region. The MKRN3, MAGEL2, NDN, C15orf2, SNURF-SNRPN, and a cluster of 5 sno-RNA genes are all expressed in the brain (Bittel and Butler, 2005; Lee et al, 2005; Lee et al, 2003) . The loss of some of these genes may result in misrouting of long projection axons, resulting in abnormalities of cortical development which are thought to be associated with cognitive delay in individuals with PWS (Lee et al, 2005) .
Before MRI technology was available to allow correlation of structural brain findings with cognition, a retrospective study of individuals with PWS suggested that the degree of mental retardation in this syndrome can be modified by the extent of weight control early in life (i.e. those individuals with PWS who remained lean during early childhood did not have the decline in IQ noted in those who were obese during this time) (Crnic et al, 1980) . This study raised the question as the extent to which environmental influences can modify the clinical phenotype in genetic syndromes. With current MRI technology it is now possible to investigate associations between brain structure, genotype, and phenotype in genetic disorders.
The clinical phenotype of individuals with PWS, including mental retardation, hypotonia, motor delay, and poor fine motor skills, support the idea that cerebellar development may be abnormal in these individuals. Many genetic disorders are associated with compromised cerebellar development (Steinlin, 2007) . The cerebellum contains more than half of all of the neurons in the brain (Rapoport et al, 2000) . In addition to being important for motor control, the cerebellum has connections to areas in the cerebrum which are relevant to cognition and behavior (Rapoport et al, 2000) . Individuals with a variety of developmental disorders display abnormalities in cerebellar development as well as impaired cognition. Individuals with Down syndrome, fetal alcohol syndrome, Rett syndrome, Asperger syndrome, Bardet-Biedl syndrome, Joubert syndrome, and Fragile X syndrome all have decreased cerebellar volumes and lower general cognitive ability (GIA) compared to controls (Jernigan et al, 1993; Niccols, 2007; Belichenko et al, 2008; Huber, 2006; Steinlin, 2007) .
Several autopsy studies of individuals with PWS have shown abnormalities in the white matter of the cerebellum and one found partial hypoplasia of the right cerebellar hemisphere (Hayashi et al, 1992; Miller et al, 2007) . To date, there have been no systematic studies correlating cognitive scores with cerebellar volume in individuals with PWS. Therefore, we measured cerebral and cerebellar volume in an age-matched cohort of individuals with PWS, early-onset morbid obesity of unknown etiology (EMO), and the siblings from both of these groups who were participating in a study investigating the natural history of PWS. Given the reports of cerebellar pathology in other genetic syndromes, we hypothesized that individuals with PWS would have compromised cerebellar development compared to their sibling controls. Inclusion of the cohort with EMO and their siblings in this study was exploratory, since they were having an MRI scan as part of the larger study.
METHODS

Participants
The participants in all three groups in this study were between 4 to 24 years of age (Table 1) . The subjects were individuals with PWS (n= 16; 6 females/10 males), individuals with EMO (n=12; 8 females/4 males), and the normal weight siblings from both groups (n=15; 10 females/ 5 males) who were participating in a study of the natural history of PWS and EMO. Participants for this study were selected from a larger group of individuals participating in the natural history study, with subjects under age 4 years and over age 24 being excluded from the current report due to the lack of appropriate age-matched controls. All of the subjects in this study also participated in our other published MRI studies. This case-control study was approved by the University of Florida Institutional Review Board, and all adult participants or guardians provided written informed consent and, where appropriate, participants provided assent.
Individuals with PWS were characterized by DNA methylation analysis at the 5′ SNURF-SNRPN locus and by fluorescence in situ hybridization (FISH) using the SNURF-SNRPN probe and a distal chromosome 15 control probe. If a subject was positive for PWS by DNA methylation analysis but had an intact 15q11-q13 region by FISH, then DNA polymorphism analysis was used to distinguish maternal UPD 15 from an imprinting defect (Glenn et al, 1997) . Eleven individuals with PWS due to paternal deletion of the chromosomal 15q11-q13 region (six with a type I deletion, three with a type II deletion, and two with unique deletions) and 5 with maternal UPD 15 were identified to participate in this study.
Subjects with EMO were recruited based solely on a history of a body mass index (BMI) >95% for age and gender before the age of 4 years. All were still obese at the time of this study. None of the participants were identified as having any cognitive deficits prior to this study. Participants in the EMO group had a normal chromosomal, SNURF-SNRPN FISH and DNA methylation analysis for PWS (Goldstone, 2004) , melanocortin 4-receptor mutation testing, and Fragile X DNA testing. Additionally, no subjects were found to be leptin deficient by commercial testing with radioimmunoassay (Nicholls Institute, California) .
Testing
All subjects were given the standard cognitive and achievement battery of the WoodcockJohnson Tests of Cognitive Abilities, Third Edition (WJIII-Cog) and the Woodcock-Johnson Tests of Achievement, Third Edition (WJIII-TA) (Woodcock et al, 2001) . Only 6 individuals with PWS, 5 with EMO, and 11 controls had complete WJIII data (younger individuals are unable to complete the achievement portion of the WJIII -TA), but we were able to obtain an overall cognitive ability score (GIA) for all participants. Additionally, the parents and teachers of the participants were asked to rate their behavior using the Behavioral Assessment System for Children (BASC).
All subjects underwent head MRI scans in a 3T Siemens Allegra scanner (Siemens, Munich, Germany). Three dimensional anatomic images were obtained using an MPRAGE sequence (TR = 1780 ms, TE = 4.38 ms, flip angle = 8°) from 160 axial slices, with a matrix of 256×256, a field of view of 25.6 cm × 25.6 cm, and a slice thickness of 0.9∼1.3mm. Scans were processed using Functional MRI Brain Software Library (Smith et al, 2006 ) for brain extraction, rigidbody transformation, and alignment to standard Talairach space. At least two raters performed all measures, blinded to the identity and diagnosis of the individuals. Cerebral volume was measured by ascertaining the volume of each cerebral hemisphere by manually tracing the area around the hemisphere while avoiding the brainstem and cerebellum on every fifth sagital image laterally from the midline of the brain until cortex was no longer visible. The program recognized only gray or white matter, thus allowing for liberal tracing around the border of the dura and resulting in less than 5% variability between raters. Cerebellar volume was measured in a similar manner by manually tracing around the cerebellum while avoiding the cerebral hemisphere and the brainstem on every sixth sagital slice laterally from the midpoint of the cerebellum.
Statistical Analysis
This was a cross-sectional nonrandomized study examining cerebral and cerebellar volume in three different test groups: PWS, EMO, and sibling controls. Because siblings were of different ages than the probands, we were unable to perform a sibling pair analysis for each individual, so the sibling controls from both the PWS and EMO cohorts made up the normal weight control group. Initial descriptive statistics were calculated and are expressed as means, standard deviations, minimum, and maximum values. Analysis of variance (ANOVA) was used to evaluate potential differences between cerebral and cerebellar volume amongst the three groups. For each analysis, once an overall significant finding was observed, we then evaluated all pairwise comparisons, applying Bonferroni corrections to ensure an experiment-wide error level of 0.05. Finally, we used Pearson correlations to evaluate the strength of the relationship between each of the dependent measures. All comparisons were two-sided and the alpha level was set apriori to 0.05. All statistics were computed using SAS 9.13 (Cary, NC).
RESULTS
There were no significant differences in cerebral volume between the three groups (p=0.4, Figure 1 ). Mean cerebral volume was 1170 cc ± 111.5 for the PWS group, 1176cc ± 123.5 for the EMO group, and 1201 cc ± 136.4 for the sibling control group. Because of the small sample size we were unable to compare deletion subtypes or deletion vs. UPD within the PWS group.
Both individuals with PWS (127.4 cc ± 16.9) and those with EMO (132.4 cc ± 26.6) had a significantly smaller cerebellar volume than the normal weight control siblings (157.9cc ± 25.9; p = 0.0005 sibling control vs. PWS and p=0.02 sibling control vs. EMO) (Figure 2 and  3) . Additionally, individuals with PWS had a smaller cerebral/cerebellar volume ratio than the sibling controls (p=0.007 control vs. PWS) (Figure 4 ). Although subjects with EMO tended to have a smaller cerebral/cerebellar volume ratio as compared to the normal weight sibling control group, this difference was not statistically significant (p=0.07). Interestingly, there was no significant difference in cerebellar volume, or cerebral/cerebellar volume ratio between individuals with PWS and individuals with EMO.
We were able to evaluate general intellectual ability (GIA) in all individuals who had MRI measurements. We found significant differences in GIA (normal population range = 85 to 115) between both individuals with PWS and those with EMO as compared to the sibling control group, as we have previously reported in a larger sample that overlaps with this one (Miller et al, 2006) . The mean GIA for the group with PWS was 65 ± 25 (p<0.0001 vs. controls), while it was 81 ± 19 for those with EMO (p<0.0001 vs. controls) and 112 ± 13 for the normal weight sibling controls (Figure 4 ). There was no significant difference in the GIA for individuals with PWS vs. EMO. Cerebral volume and cerebellar volume were not significantly correlated with GIA within either the PWS (r=-0.30; p=0.33; r=0.32; p=0.29) or EMO (r=0.23; p=0.50; r=0.16; p=0.63) groups. Similarly, cerebral/cerebellar volume ratio was not significantly correlated with GIA within either the PWS (r=0.48; p=0.10) or EMO (r=0.08; p=0.82) groups.
In the 6 individuals with PWS who were able to complete the entire WJIII there was a moderately strong correlation between cerebral volume and working memory scores (r=0.79; p=0.06; Table 2 ). None of the correlations between cerebellar volume and cerebral/cerebellar volumes of individuals with PWS and the subtests of the WJIII reached statistical significance (Table 2 ). In the 5 individuals with EMO who were able to complete the entire cognitive and achievement test there was a trend toward significant correlations between cerebral volume and several of the subtests on the WJIII (Table 2) . However, the correlations between cerebellar volume or cerebral/cerebellar volume ratio and WJIII scores did not reach statistical significance in this small group of individuals with EMO. In contrast, in the 11 sibling controls who were able to complete the entire WJIII, several correlations between cerebral volume, cerebellar volume, and cerebral/cerebellar volume ratio and WJIII subtest scores reached statistical significance (Table 2) . Interestingly, eight of the individuals with EMO also had significant speech delay, which was seen in all of the individuals with PWS in this study but in none of the controls.
On the BASC assessment by parents and teachers, only the teacher rating of aggressive behavior was found to negatively correlate with cerebral/cerebellar volume ratio in controls (r=-0.70; p=0.02) with a trend toward negative correlation with cerebellar volume (r=-0.61; p=0.06) in this group as well. A correlation between parental assessment of social skills and cerebral/cerebellar ratio was seen in the individuals with PWS (r=0.80; p=0.03), but no correlations between behavioral problems and cerebellar size were observed. As PWS has a unique behavioral phenotype including temper outbursts, self-injurious behaviors such as skinpicking, compulsivity, and hyperphagia, we compared these behaviors amongst the three groups. None of the sibling controls in this study had any behaviors that were similar to PWS.
Seven of the individuals with EMO had problems with temper outbursts, three had skin-picking or other self-injurious behaviors (all females), four had issues of compulsivity, and five had hyperphagia. Three of the EMO patients were classified as being "PWS-like" with all of the above-mentioned behavioral features, but negative genetic testing and lack of clinical phenotype for PWS.
DISCUSSION
The clinical phenotype of PWS includes both motor and language delay, as well as cognitive impairment, similar to that seen in other genetic neurodevelopmental syndromes which are associated with a decreased cerebellar volume, such as Down syndrome (Jernigan et al, 1993) . We found that individuals with PWS had a smaller cerebellar volume, as well as a smaller cerebral/cerebellar ratio, than the sibling control group. Interestingly, the participants with EMO, who do not share an identifiable genetic condition, also had smaller cerebellar volumes than the sibling control group, and had no significant differences in cerebellar volume or cerebral/cerebellar ratio as compared to individuals with PWS. The individuals with PWS and EMO also had significantly lower GIA scores (an estimate of IQ) than their normal weight control siblings, but no significant relationship was found between cognitive scores and the cerebral or cerebellar volume in either the PWS or EMO group, possibly due to the small sample size or restriction of age range.
Neuronal growth and development is governed by interactions between genes and the environment. In PWS, the loss of several paternally expressed genes which are expressed in the brain, including MKRN3, MAGEL2, NDN, C15orf2, SNURF-SNRPN, and a cluster of 5 sno-RNA genes (Bittel and Butler, 2005; Lee et al, 2005; Lee et al, 2003) likely plays a role in abnormal neuronal growth and development. By contrast, the individuals with EMO who participated in this study had no identifiable genetic abnormalities. Interestingly, we observed no differences in cerebral or cerebellar volume between the individuals with PWS and those with EMO.
As both the EMO and PWS groups had small cerebellar volumes, we looked for any commonalities between these two groups that differentiated them from the sibling controls. The EMO group was phenotypically diverse, which decreased the likelihood that any single genetic factor was solely responsible for the similar findings. Indeed, the only shared feature between individuals with PWS and those with EMO, which was not shared by the sibling controls, was presence of obesity during childhood.
Studies have shown that obesity is associated with abnormalities in brain tissue composition and function (Whitmer et al, 2005) . It is known from animal studies that the morphology of the dendrites and the size of the Purkinje cells in the cerebellum are affected by characteristics of the environment (Floeter and Greenough, 1997) . Additionally, acquired atrophy of the cerebellar vermis is seen in individuals with early childhood environmental insults (e.g. prematurity and fetal alcohol syndrome) (Steinlin, 2007) . Hypotheses as to how excess adipose tissue could impair the development of the Purkinje cells or cause atrophy of the vermis in the cerebellum include: the abnormal lipid metabolism in obesity resulting in abnormal accumulation of lipids in the brain, the free fatty acid excess associated with obesity resulting in pathological lipid metabolism in the brain, or the inflammatory cytokines produced by excess adipose tissue damaging the cells in the cerebellum (Sriram et al, 2002; Whitmer et al, 2005) . It has been shown that chronic inflammation and hypoxia from obstructive sleep apnea (both of which are associated with obesity) cause damage to the Purkinje cells in the cerebellum (Elenkov, 2008; Pae et al, 2005) . Further longitudinal studies are required to identify which, if any, of these mechanisms are related to the small cerebellar volume in individuals with PWS and EMO.
The findings of small cerebellar volume in individuals with PWS and EMO is an intriguing preliminary finding that suggests that certain parts of the developing brain may be sensitive to the metabolic perturbations associated with excess adipose tissue. We found low-to-moderate correlations between cerebral volume, cerebellar volume, and GIA in individuals with PWS, similar to what has been described in other neurodevelopmental disorders. We also saw no relationship between these variables in our participants with EMO. Our study is limited, however, by our small sample size and lack of ability to exactly match sibling pairs, as well as by the qualitative nature of the scans. Although the siblings of each of these groups served as controls in this study, it was impossible to age and gender-match each proband to their sibling to exclude the role of familial factors in our findings. Additionally, we were unable to determine the directionality of the relationship between cerebellar hypoplasia and body weight in this study due to its cross-sectional nature. One confounding factor in this study may be the wide age range studied, although cerebellar volume should be stable by age 4 years. Lastly, the lack of gender matching between groups is another possible limitation of this study, as males typically have a larger cerebral and cerebellar volume than females, but each individual with PWS or EMO had at least one sex and age-matched control. Longitudinal studies will need to be done to better understand the relationship between the development of early-onset obesity and cerebellar volume, cerebral/cerebellar volume ratio, and cognitive outcome.
In conclusion, we found that individuals with PWS and EMO had small cerebellar volume and low GIA compared to their normal weight control siblings. Due to the genetic differences between PWS and EMO, it is unlikely that a single genetic factor is responsible. The most parsimonious explanation is that early childhood obesity alone may cause damage to the developing brain, thus adding to the public health concern surrounding the epidemic of obesity in childhood and further emphasizing the need for early intervention. Additionally, as first suggested in 1980 by Crnic et al, some aspects of cognitive performance in PWS may be preserved by preventing the early onset of obesity that is typical of this condition (Crnic et al, 1980) . Individuals with PWS have a smaller cerebral/cerebellar volume ratio than normal weight controls (p=0.007) and there is a trend toward a smaller ratio for individuals with EMO as compared to normal weight controls (p=0.07). There is no significant difference between individuals with PWS and those with EMO. Individuals with PWS and EMO have a lower GIA than their normal weight control siblings (p<0.0001). There is no significant difference between the individuals with PWS and those with EMO. 
